Depletion of nitrous acid from its aqueous solution is studied over a wide range of experimental conditions. The rate and stoichiometry of this process are determined as a function of mass transfer characteristics of gas-liquid contacting devices. It is found that the depletion of nitrous acid is brought about by three different mechanisms: 1) simultaneous hydration of N2O4 and evolution of NO, both existing in equilibrium with HNO2,2) desorption of nitrous acid molecules and 3) decomposition of HNO2into NOand NO2occurring in the vicinity of the liquid surface. A quantitative analysis is madeusing the various rate and equilibrium constants with the oxides of nitrogen. The relative importance of the three mechanisms and, hence, the rate and stoichiometry of the whole process vary with the mass transfer characteristics of the gas-liquid contactors. The rate constants of the hydration of N2O4and of the decomposition of nitrous acid (2HNO2-N O+NO2+H2O) as well as the solubility of N2O4were established.
Introducti on
The interaction of chemical reaction and mass transport is a subject of continuing interest to chemical engineers. In an aqueous solution of nitrous acid, nitrogen oxides are evolved into the gas phase and nitric acid is produced in the liquid phase, resulting in the depletion ofnitrous acid. Hence, it is a reverse process of absorption of nitrogen oxides into water. This process has been extensively studied but the rate expressions and the stoichiometric relationships reported in these studies are conflicting.
It is supposed that, since the complexinteractions of numbers of nitrogen oxides are involved, a single kinetic expression is not applicable over a wide range of experimental conditions. In the light of the importance of systems containing nitrogen oxides for control of atmospheric pollution, a study was undertaken to determine both the rate and the stoichiometry to be the first to report a quantitative study of this system. In their experiments, an agitated aqueous solution of nitrous acid was contacted with nitric oxide gas. The stoichiometry was found to follow 3HNO2 -> HNO3 +-2NO + H2O
(1) Since this work, several attempts8'11)12 '14) were made to examine the validity of Eq. (1) . When a duced to nitrous acid decomposed varied from one third to about 0.16, depending on experimental conditions. In an attempt to determine the gas phase composition8>14), it was found that the molar ratio of NO2to NOvaries between zero and unity. These results indicate that the reaction shown by Eq. (2) takes place as well as Eq. (1).
2HNO2 -> NO + NO2 + H2O (2) While the dependencies of the stoichiometry on the operating conditions were often noticed, the stoichiometry lies between Eqs. (1) and (2).
Abel et aU] gave a quantitative expression for the rate of depletion in relation to a proposed mecha- 
which agreed with their experimental results. On the contrary, manyexperiments showed that the rates are proportional to nitrous acid concentration in the first order or in the order slightly greater than unity7"9>11~15).
Also, it was generally noticed that the rate increases with agitation speed of the solution, gaseous flow rate or gas-liquid contacting area. It is indicated that mass transfer resistances Contactor between phases are one of the important factors in this system.
In the present experiments, the rate and stoichiometry of the process is determined over a wide range 26 of operating conditions. Emphasis is put on the effects of mass transfer resistances.
Experiments 1 Apparatus and procedure
Experimental equipment is schematically shown in Fig. 1 . One of the two gas-liquid contactors was employed (Fig. 2) .
The bubbling contactor was equipped with one or three fritted-glass balls through which helium was bubbled. Liquid-side volumetric coefficients of mass transfer depended on the gaseous flow rate and the coarseness and number of the frittedglass balls. In these measurements, sodium nitrate was added to the solution to reduce the difference of its ionic properties from those in the experiments with nitrous acid. The determination of gas-side coefficients was not attempted.
The flat surface contactor was a Pyrex cylinder equipped with a cone at the center of the liquid surface to keep it flat. The gas and liquid phases were independently agitated. The liquid side mass transfer coefficients were almost independent of the agitation speed in both phases. The gas-side coefficients were not dependent on the gaseous flow rate but rather on the agitation speed. The mass transfer characteristics for these contactors are summarized in Table 1 .
In preparation for a run, helium was introduced through the equipment. The run was started by adding a sulfuric acid solution to the sodium nitrite solution in the contactor to instantaneously generate nitrous acid. The nitrous acid concentration was measured by continuously withdrawing a small stream from the contactor and pumping it through an ultraviolet photometer of 1, 10 or 100mm optical path length, operating at 372 ju. The flow was returned to the contactor from the photometer. The nitric acid concentration was measured occasionally by the photometer at 303ju. The nitric oxide concentration in the exit gas stream was measured periodically by gas chromatography. Figure 3 shows the data ofnitrous acid concentration decay for which initial concentrations were altered for constant mass transfer coefficient, kLa. These measurementswere repeated for different mass trans- were obtained by graphically differentiating the concentration decay curves. Figure 4 shows that the rate is proportional to the nitrous acid concentration in the order of 1.33 and strongly dependent on kLa.
2 Bubbling contactor results
The rate data at a constant concentration of HNO2 were plotted against kLa in Fig. 5 , which shows that the rate is proportional to (kLdfn. It is also shown that the rate at constant concentration is dependent solely on kLa, because bubble size, gas-phase holdup and gas flow rate were independently altered in those measurements. Finally, the experimental rate expression for the depletion of HNO2was established. The solid lines in Fig. 3 were predicted from Eq. (6). The evolution rates of NOinto the gas phase were about two third of the depletion rate of HNO2 (Fig. 6 ). This and the ratios of nitric acid formation and nitrous acid depletion (Table 2) show that the stoichiometry follows Eq. (1).
1. 3 Flat surface contactor results Figure 7 shows the data of HNO2concentration decay, for which the gaseous flow rates were altered for constant mass transfer resistances in both phases and a constant initial concentration of HNO2.
Similar data were taken for the initial concentrations Some typical examples of the ratio of nitric acid formation to nitrous acid depletion are given in Table 3 . At large values of a the ratio becomes 
Analysis
Of the several oxides of nitrogen, NO, NO2, N2O3 and N2O4play important roles in reaction and transfer processes at around atmospheric pressure and temperature. The following reactions are important in the presence of water.
N2O4 + H2O -^HNO2 + HNO3 (10)
Due to the low concentrations of HNO3,the reverse reaction of Eq. (10) (2) The reactions in the liquid film can be neglected so that the transport rate of NO is given by kLa ([NOHNOfc).
(3) Equilibria represented by Eqs. (8), (9) and (ll) are set up in bulk liquid. (4) Rates of accumulation of NO, NO2, N2O3 and N2O4 in the bulk liquid can be neglected compared with depletion rate of HNO2(steady-state hypothesis).
Noting assumptions (1), (2) and (4), the depletion rate of HNO2can be related to the desorption rate of NOor to the formation rate of HNO3bŷ
The third assumption gives
( 1 5) Combining Eqs. (12), (14) and (15) calculated from Eq. (23) was added to Eq. (6). The curve fits the data points rather well at lower concentrations of HNO2 (Fig. 8) . For higher concentration (Fig. 9) , the curve becomes significantly lower than the data points.
This In writing these equations, N2O4was assumed to be in equilibrium with NO2. It was further assumed that the bulk liquid composition which specifies the boundary conditions at /=0 is that previously calculated from the simplified model. The validity of these boundary conditions is examined later.
Equations (27) to (29), with the boundary conditions, may be solved numerically to determine the concentration profiles. Since the transport of NO2and HNO3at /=0 was found to be negligible, the overall depletion rate of HNO2,rHNO2)Ov,was obtained accordingto rHNo2,o.-~^aD dl j-aD^^(32)
The predicted rHNO2)OvVS.acurves can then be compared with the experimental points in Figs. 8 and 9 to establish the most appropriate value of kx which is solely unknown in Eqs. (27) to (31).
The curves in Figs. 8 and 9 show that the general model fits the data well over the entire range of a and [HNO2]. The values of kx and k_1(=k1/K1) corresponding to the curves arê =45. 6 //mol-sec nv>rx nr> £_!=6.9x107//mol-sec K } K }
The same procedures were repeated for the data at25°C. Thevalues ofkx andk_Y were k, =1.36xl02 //mol.sec o ik_1=1.12xl08//mol-sec l ; l ; Figure 10 and Table 5 show, respectively, examples of the concentration profiles in the film and the cor- Fig. ll) . It is shown that the depletion rate dependency on [HNO2] changes from the 4/3rd to the first order with increasing a. Hence, it is concluded that the previously reported rate dependencies ranging from first to fourth order might be caused by different operating conditions. Since nitric acid is not formed through nitrous acid depletion mechanism represented by rdes or rfllm, the stoichiometry of this whole process changes from Eq. (1) to Eq. (2) with increasing a. This also agrees with the experimental findings as shown in Table 3 as well as those found by other investigators.
Discussion
The validity of the steady state and equilibrium assumptions Of the four assumptions made in the simplified model, the first and second have been removedin the general model. The last assumption, of "steady state hypothesis", is found to be a good approximation for the system, since the concentrations of NO, NO2, N2O4as well as N2O3are small with respect to that of HNO2 (Table 5) . Also, Appendix 3 shows the third assumption of "equilibrium in the bulk liquid", to be a good approximation. For equilibrium is set up for Eq. (l l ) so that ki needs to be still bigger than the previously calculated value of k_x (6.9x 107 //mol-sec), which is very large as a second-order reaction rate constant in aqueous solutions.
If Eq. (ll) is ratecontrolling, kx and fc_i are respectively replaced by k_4 K5 and k±. For the time being, there is no information for determining which is the case, this or Eq. (8).
Conclusion
The depletion of nitrous acid is brought about by three different mechanisms: 1) simultaneous hydration of N2O4and evolution of NO, both existing in equilibrium with HNO2,2) desorption of nitrous acid molecules and 3) decomposition of HNO2into NOand NO2, occurring in the vicinity of the liquid surface. The most important parameter which governs the relative importance of each mechanism is the ratio of the mass transfer resistances, a, defined by Eq. (7). When a is small, that is, when the gasphase resistance is big, NO alone desorbs. The stoichiometry follows Eq. (1) and the rate follows Eq. (5) or (6), depending on the relation of [NO] to [HNO2] . When a is large, the second mechanism is dominant. The nitrous acid molecules which escape from the liquid are considered to rapidly decompose into NO and NO2 because of dilution in the gas phase. Hence, the total stoichiometry follows Eq. (2) 
Appendix 3
Since it has been shown that the steady state assumption is a good approximation, the material balance equations in the bulk liquid phase may be written as
(A-13)
The last terms in Eqs. The minimumvalue for the left side in the present experiments is 5.6 x 10"3. Hence, the condition for equilibrium is satisfied. = ratio of mass transfer resistances in liquid and gas phases, Eq. (7) [-]
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